Protein kinases mediate much of the signal transduction in eukaryotic cells and defects in kinase function are associated with a variety of human diseases. To understand and correct these defects, we will need to identify the physiologically-relevant substrates of these enzymes. The work presented here describes a novel approach to this identification process for the cAMPdependent protein kinase (PKA) substrates with a relatively low affinity. The binding observed here was specific to substrates and was dependent upon PKA residues known to be important for interactions with peptide substrates. The general utility of this approach was demonstrated by the ability to identify both previously-described and novel PKA substrates in S. cerevisiae. Interestingly, the positions of the residues altered in these variants implicated a particular region within the PKA kinase domain, corresponding to subdomain XI, in the binding and/or release of protein substrates.
INTRODUCTION
Eukaryotic cells utilize an elaborate network of signaling pathways to bring about the proper physiological response to changes in the extracellular environment. These pathways generally consist of a series of proteins that are responsible for amplifying the original signal and for moving it to different regions of the cell. Members of one particular family of enzymes, the protein kinases, are important mediators of much of this signal transduction (HUNTER 2000; . These enzymes catalyze the transfer of the terminal phosphate from ATP to a distinct set of protein targets. This phosphorylation results in specific changes in the activities associated with each of these target proteins. The net effect of activating any protein kinase therefore is due to the collective actions of the substrates of that kinase.
The cAMP-dependent protein kinase (PKA) is one of the best-characterized members of this protein family (JOHNSON et al. 2001) . PKA was the first protein kinase structure to be described and much is known about the biochemical properties of this enzyme (ADAMS 2001; TAYLOR et al. 2004) . PKA activity is found in all eukaryotes and influences a wide variety of biological processes, from basic glucose metabolism to the modulation of long-term memory (ARNSTEN et al. 2005; PICKET-GIES and WALSH 1986) . In the budding yeast, Saccharomyces cerevisiae, PKA is a key regulator of cell growth and proliferation (HERMAN 2002; THEVELEIN and DE WINDE 1999) . In particular, this enzyme appears to be a critical component of a central control mechanism that ensures that overall cell growth is properly coordinated with the available nutrient supply (BROACH 1991; HERMAN 2002) . These activities are mediated by three different PKA catalytic subunits, Tpk1, Tpk2 and Tpk3, that appear to have both overlapping and distinct cellular functions (PTACEK et al. 2005; ROBERTSON et al. 2000; TODA et al. 1987) .
As with any protein kinase, a complete understanding of the biological role of the S. cerevisiae PKA will require the identification of the targets of these enzymes.
Over the years, a number of innovative strategies have been developed to identify protein kinase substrates (BUDOVSKAYA et al. 2005; MANNING and CANTLEY 2002; SHAH et al. 1997; ZHU et al. 2001) . However, despite these advances, this process is still often a difficult and labor-intensive task and, we tend to know few, if any, of the physiologically-relevant substrates of any given protein kinase (JOHNSON and HUNTER 2005; MANNING and CANTLEY 2002) . Here, we describe a strategy for identifying PKA substrates that takes advantage of catalyticallyinactive variants that exhibit an increased binding to their in vivo targets. These Tpk1 variants were able to bind all substrates tested and showed no association with proteins that were not phosphorylated by PKA. In addition, no significant binding was observed between substrates and the wild-type Tpk1. This latter result was not unexpected as protein kinases typically interact with their substrates with relatively low affinity and, few kinase targets have been identified by their ability to bind to these enzymes (MANNING and CANTLEY 2002) . The general utility of this substrate binding was demonstrated here by the identification of both previouslydescribed and novel PKA substrates in S. cerevisiae. Interestingly, our results suggest that a particular region at the C-terminus of the conserved protein kinase domain might be important for substrate interactions with PKA. Moreover, the conserved nature of the residues altered in this study suggests that the results obtained here might be generally applicable to other protein kinases.
MATERIALS & METHODS

Yeast strains and growth conditions: Standard yeast genetic methods and growth conditions
were used throughout this study (KAISER et al. 1994) . The yeast strains used were PHY1220 , PJ69A-4A (MATa gal4D gal80D his3-D 200 leu2-3,11 trp1-101 ura3-52 LYS2::GAL1-HIS3 GAL2-ADE2 met2::GAL7::lacZ) and TVY614 (PHY1220 prc1::HIS3 pep4D::LEU2 prb1D::hisG) (CHANG et al. 2001; GERHARDT et al. 1998; JAMES et al. 1996) . The yeast rich growth medium, YPAD, synthetic complete medium, SC, and yeast minimal medium, YM, have been described (HERMAN and RINE 1997; KAISER et al. 1994 ).
Co-immunoprecipitation assays:
The yeast strain, PJ69-4A, was transformed with a low-copy plasmid encoding Tpk1 proteins tagged at their N-terminus with three copies of the hemagglutinin (HA) epitope. The strain also contained a high-copy plasmid encoding a particular substrate (or non-substrate) that had six copies of the myc-epitope at its N-terminus.
All of these constructs were under the control of the copper-inducible promoter from the CUP1 gene (THIELE and HAMER 1986 ). The proteins being tested for interaction included Cdc25 (codons 51-330), Cki1 (2-200) and Cki1-N (274-471) These strains were grown at 30 O C in SCglucose medium to a density of 0.5 OD 600 units per ml. CuSO 4 was added to a concentration of 100 mM, and the cells were incubated for two additional hours. The cells were harvested, washed in TBS buffer containing 1 mM PMSF and 0.5% NP40 and then converted to spheroplasts and lysed as described . The resulting protein extracts were incubated at 4 O C for two hours with 10 ml of an anti-HA affinity matrix (Roche). The beads were collected with a low-speed centrifugation and washed six times with 1 ml of TBS containing 1 mM PMSF and 0.5% NP40. The bound protein was eluted with 30 ml of SDS sample buffer, separated by SDS-polyacrylamide gel electrophoresis and transferred to nitrocellulose membranes. The relative amount of substrate present was assessed by Western immunoblotting with antibodies specific for the myc epitope (Cell Signaling). Following chemiluminescent development and exposure to X-ray film, the nitrocellulose membrane was stripped by incubating in a solution of 2% SDS, 0.0625 M Tris-HCl, pH 6.8, and 100 mM bME for 30 mins at 50 O C. The blot was then washed and re-probed with anti-HA antibody (Roche) to assess the relative amount of Tpk1 protein present.
PKA in vitro kinase assays and Western immunoblot analyses: PKA in vitro phosphorylation assays were performed as described (CHANG et al. 2001) . In general, these assays were performed with Protein A fusion proteins that were constructed in the vector, pPHY1044, that contains two repeats of the immunoglobulin-binding region of Protein A from Staphylococcus aureus . The protein fragments assayed included those listed in the above section, and . For the analysis of the in vivo phosphorylation levels with the anti-PKA substrate antibody (Cell Signaling), a glutathione S-transferase (GST)-Dot6 fusion protein was precipitated with an anti-GST antibody (Cell Signaling) and run out on an SDSpolyacrylamide gel (ZHU et al. 2001 ). The precipitated proteins were then examined by a
Western immunoblot with either the anti-GST or anti-PKA substrate antibody used at a dilution of 1:5000. All site-directed mutageneses were performed as described (AUSUBEL et al. 1995; BUDOVSKAYA et al. 2002; KUNKEL 1985) . (2-657), Toa2 (2-122) and . In general, the yeast strain, PJ69-4A, was transformed with derivatives of both two-hybrid plasmids and grown to mid-log phase in YM-glucose minimal medium. The cells were then plated to media lacking either adenine or histidine and incubated for 2-3 days at 30 O C to assess the two-hybrid interaction. A modified two-hybrid assay system was used specifically for the experiments shown in Figure 2B . Since overexpression of the wild-type Tpk1 was found to produce a significant growth defect (see below), alleles encoding the wild-type Tpk1 and the Tpk1 KH variant fused to the Gal4 activation domain were placed under the control of the CUP1 promoter in a single-copy plasmid. For this plasmid, nucleotides corresponding to -435 to -1 of the CUP1 locus (where +1 is the translation start site)
were ligated into the pRS416 plasmid as an EcoRI -HindIII fragment, and connected to the ATG of the Gal4 activation domain ORF via the linker, TGCAAAG. Two-hybrid assays were then performed as described above except that all media were supplemented with 3 mM CuSO 4 .
RESULTS
The catalytically-inactive PKA variant, Tpk1 KH , exhibited an increased binding to known substrates in S. cerevisiae: We are interested in defining the role of PKA in the control of S.
cerevisiae growth and thus, have been attempting to identify the physiologically-relevant substrates of this enzyme (BUDOVSKAYA et al. 2005; CHANG et al. 2004; HOWARD et al. 2002; HOWARD et al. 2003) . During the course of these studies, we found that a particular inactive variant of Tpk1 exhibited an increased binding to a number of known PKA substrates, including Cdc25 and Cki1 ( Figure 1A ). Cdc25 is the guanine nucleotide exchange factor for the Ras proteins in S. cerevisiae, and Cki1 is a choline kinase (GROSS et al. 1992; YU et al. 2002) . In coimmunoprecipitation assays, the Tpk1 KH variant bound significantly more of both of these substrates than did the wild-type protein ( Figure 1A , B). In general, very little, if any, substrate was found associated with the wild-type Tpk1 ( Figure 1A ). In this Tpk1 KH variant, two relatively conserved residues important for catalytic activity, K336 and H338, were each replaced with an alanine. The K336 position is conserved within the AGC subfamily of protein kinases, whereas H338 is found in a somewhat broader spectrum of serine/threonine-specific kinases (GIBBS and ZOLLER 1991b; HANKS and HUNTER 1995) . Consistent with previous results with peptides (GIBBS and ZOLLER 1991b) , we found that the Tpk1 KH variant was ~20-fold less active than the wild-type enzyme in an in vitro kinase assay with a protein substrate ( Figure 1C ). Both alterations in Tpk1 KH were required for substrate binding as neither single mutant, K336A or H338A alone, exhibited any binding to Cdc25 or Cki1 (data not shown). Therefore, the Tpk1 KH variant, unlike the wild-type Tpk1, was able to bind stably to a number of known PKA substrates.
TPK1 over-expression resulted in a severe growth defect: During the course of the above studies, we found that we were not able to obtain stable expression of Tpk1 from clones that were under the control of constitutive promoters, like those from the ADH1 or TDH3 genes. One interpretation of these results was that the over-expression of TPK1 was detrimental to yeast cell growth and we tested this possibility with an inducible TPK1 construct. It should be pointed out that a previous study had shown that a TPK1 construct under the control of the galactose-inducible promoter from the GAL1 gene resulted in a growth defect specifically on galactosecontaining media (NEHLIN et al. 1992) . However, the interpretation of these experiments is complicated by subsequent work showing that elevated levels of PKA activity inhibit GAL gene expression and can result in diminished growth on galactose media (HOWARD et al. 2002; HOWARD et al. 2006 ). Therefore, we tested whether the over-expression of TPK1 from the copper-inducible promoter from the CUP1 gene would also inhibit yeast cell growth. Previous work from our lab has shown that CUP1 gene expression is not significantly affected by changes in PKA activity (BUDOVSKAYA et al. 2004) . We found that the elevated expression of the wildtype Tpk1, but not catalytically-inactive versions like Tpk1 KH , resulted in a severe growth defect on copper-containing media ( Figure 1D ). Thus, these results showed that elevated levels of Tpk1 are indeed deleterious to S. cerevisiae. Moreover, they indicated the importance of having inducible versions of the wild-type TPK1 for some of the experiments described here.
The binding to Tpk1 KH was specific for PKA substrates: The interactions with the Tpk1 KH variant were specific for PKA substrates as no significant binding was detected with any protein that was not phosphorylated by Tpk1. For e.g., in the co-immunoprecipitation assay, no interaction was detected between this variant and Cki1-N, a control Cki1 fragment that lacks the two known sites of PKA phosphorylation ( Figure 2A ). Similar results were obtained with a twohybrid assay system. Under conditions that produced equivalent levels of enzyme, a positive two-hybrid signal was observed with the Tpk1 KH variant but not with the wild-type Tpk1 ( Figure   2B , C). Again, this signal was specific to substrates as two control proteins, Rim15-N and Toa2, did not interact with Tpk1 KH ( Figure 2B ). Rim15 is a protein kinase important for stationary phase entry that has been shown to be a PKA target and Toa2 is a general transcription factor Deminoff et al., 2006 (Genetics) Page 11 of 30 that is not a substrate for PKA (BUDOVSKAYA et al. 2005; REINDERS et al. 1998 ) ( Figure 2D ).
The Rim15-N fragment lacks the known PKA sites in this protein and is not phosphorylated by PKA (data not shown). In contrast, a Rim15 fragment that contains the known sites of PKA phosphorylation exhibited a robust interaction with the Tpk1 KH variant ( Figure 2E ). Therefore, the Tpk1 KH variant, but not the wild-type Tpk1, was able to interact specifically with known substrates of PKA.
We further examined the specificity of this binding with a set of more than 40 proteins that were not substrates for PKA (Figure 3 ; data not shown). These negative controls included several proteins, like Cdc14 and Toa2, that contain a reasonable match to the PKA consensus site
, where x refers to any amino acid, B to a hydrophobic residue and the S or T to the site of phosphorylation (SMITH et al. 1999; ZETTERQVIST et al. 1976) . Although many known PKA substrates are phosphorylated at a sequence that conforms to this consensus, most occurrences of this site in native proteins are not recognized by PKA (BUDOVSKAYA et al. 2005; SHABB 2001 ). We found that none of these nonsubstrate proteins exhibited any binding to the Tpk1 KH variant ( Figure 3A , B). Therefore, Tpk1 KH was not simply binding to proteins that contained a PKA consensus site but was instead recognizing bona fide substrates of this enzyme.
Substrate binding by the Tpk1 KH variant was dependent upon PKA residues known to be important for the interaction with substrates: We tested whether the observed interactions with Tpk1 KH were dependent on PKA residues previously-shown to be important for substrate recognition. These studies took advantage of work that had identified amino acids within PKA that were critical for the association with a peptide substrate (GIBBS and ZOLLER 1991a; KEMP et al. 1994) . For example, replacement of E171 and E274 with alanine in the wild-type Tpk1 resulted in a 40-to 80-fold increase in the apparent K m for this peptide (GIBBS and ZOLLER 1991a; KEMP et al. 1994) . Here, we found that the introduction of these E171A and E274A
alterations into the Tpk1 KH variant completely abolished binding to two PKA substrates, Cdc25
and Rim15 ( Figure 4A) . Thus, the Tpk1 KH variant may interact with substrates in a manner similar to that used by the wild-type enzyme.
We tested the sensitivity of this binding assay with a substrate containing only a single site of PKA phosphorylation. Most of the targets used above are likely phosphorylated by PKA at more than one position (GROSS et al. 1992; REINDERS et al. 1998; YU et al. 2002) . For these experiments, we used a fragment of Yak1 that encompassed codons 243-361 and was phosphorylated by PKA at the serine residue at position 295 ( Figure 4C ). As with the other PKA substrates tested, we found that this Yak1 fragment exhibited a stable interaction specifically with the Tpk1 KH variant ( Figure 4D ; data not shown Figure 5A ). A previous study had shown that each of these variants exhibited diminished activity towards a peptide substrate and we confirmed these results here with protein substrates (GIBBS and ZOLLER 1991b) (see Figure 1C ; our unpublished data).
We found that none of these inactive versions of Tpk1, except Tpk1 R324A , exhibited any binding to the PKA substrates tested ( Figure 5B -E) (data not shown). In general, the two-hybrid signal with the Tpk1 R324A variant was less than that observed with Tpk1 KH (Figure 5B, C) . However, it should be pointed out that more subtle alterations that changed the R324 residue to either a lysine or histidine residue resulted in a stronger binding with specific substrates (data not shown). In all, this Tpk1 R324A variant is interesting for a couple of reasons. First, the residue altered, R324, is in the same C-terminal region of the protein kinase domain (i.e., within subdomain XI) as the K336 and H338 residues altered in Tpk1 KH ( Figure 5A ). Figure 6A ; data not shown). Although the precise biological role of Dot6 is unknown, previous work has shown that the over-expression of this protein disrupts the transcriptional silencing that normally occurs at yeast telomeres (SINGER et al. 1998) .
Interestingly, the predicted Dot6 protein sequence contains five consensus PKA phosphorylation sites, the most sites present in any S. cerevisiae protein (BUDOVSKAYA et al. 2005 ) ( Figure 6B ).
In addition, these sites are evolutionarily conserved as all five sites are found in the likely Dot6 ortholog present in the distantly-related Saccharomyces species, S. kluyveri (BUDOVSKAYA et al. 2005) . Consistent with these observations, Dot6 was phosphorylated efficiently in vitro by both bovine and yeast PKA enzymes ( Figure 6C ). To assess whether Dot6 was also phosphorylated by PKA in vivo, we took advantage of a commercially-available antibody that recognizes phosphorylated PKA sites. This antibody has been used to demonstrate that several proteins, including Srb9 and Cdc20, are phosphorylated by PKA in vivo (CHANG et al. 2004; SEARLE et al. 2004 ). Here, we found that this antibody specifically recognized a GST-Dot6 protein that was precipitated from yeast cell extracts ( Figure 6D ). In contrast, this antibody failed to recognize several proteins, like Gcs1, that were not substrates for PKA in vitro (see Figure 6D ) (BUDOVSKAYA et al. 2005) . This recognition of Dot6 was lost upon phosphatase treatment of the precipitated fusion protein and was subsequently restored following incubation with PKA and ATP ( Figure 6E ). In all, these data suggested that Dot6 was both an in vitro and in vivo substrate for PKA in S. cerevisiae. Further work will be necessary to define precisely how PKA phosphorylation influences the normal functions of the Dot6 protein.
DISCUSSION
A complete understanding of the biological role of any protein kinase requires the identification of the relevant substrates of that enzyme. This study describes a novel approach to this identification process that takes advantage of protein kinase variants that bind stably to substrates. The two PKA variants identified here, Tpk1 KH and Tpk1 R324A , were able to bind to all substrates tested but exhibited no interactions with proteins that were not phosphorylated by PKA. Moreover, these interactions were dependent upon PKA residues previously shown to be required for the recognition of peptide substrates (GIBBS and ZOLLER 1991a; KEMP et al. 1994 ).
Thus, these variants appear to interact specifically with substrates in a manner that may be similar to that used by the wild-type enzyme. The general utility of these variants was demonstrated by the identification of the Dot6 protein as a new substrate for PKA in S.
cerevisiae.
In addition to identifying new substrates, the binding assay described here should also assist efforts to identify the substrate sequences that are required for a productive interaction with PKA. To date, most studies examining these elements have focused on the recognition and phosphorylation of peptide substrates (MANNING and CANTLEY 2002; SONGYANG et al. 1994) .
The identification of the R-R-x-S/T-B consensus phosphorylation site discussed above is due, at least in part, to these efforts (SHABB 2001). However, one limitation of these types of studies is that they would miss any sequence elements in substrates that are distal to the actual site of PKA phosphorylation. In fact, although many PKA substrates are phosphorylated at sequences that generally conform to this consensus, most occurrences of these sequence elements in native proteins are not recognized by PKA (see for e.g., (BUDOVSKAYA et al. 2005) ). Therefore, there must be additional sequence information present in substrates that governs the interaction with PKA. We feel that the use of the Tpk1 variants described here should facilitate the identification of these domains, and are presently testing for the existence of such sequence elements in a number of PKA substrates from S. cerevisiae.
This assay may also provide complementary information about the sequences within PKA that are important for the interaction with substrates. In fact, the results presented here already implicate a small region at the C-terminal end of the PKA kinase domain in the binding and/or release of protein substrates. In general, all protein kinases possess a highly conserved, catalytic core domain of ~250 to 300 amino acids that contains a number of signature residues critical for catalytic activity (HANKS and HUNTER 1995; JOHNSON and HUNTER 2005; . This kinase domain has been further divided into eleven subdomains and all of the residues altered in the Tpk1 KH and Tpk1 R324A variants fall into subdomain XI (see Figure 5A ).
Inactivating alterations in other subdomains of the PKA catalytic core did not result in a concomitant increase in substrate binding. Interestingly, the arginine corresponding to position 324 in Tpk1 is thought to contribute to the stabilization of a peptide-binding loop in PKA that is in direct contact with peptide substrates (JOHNSON et al. 2001) . Thus, this region of PKA may play an important role in coordinating the interactions between this enzyme and its in vivo
substrates. This possibility could be tested directly if we could obtain co-crystals that contain the Tpk1 KH variant with a relevant protein substrate.
An obvious question for the protein kinase field, at large, is whether the results obtained here might be generally applicable. Clearly, the key to success in this endeavor will be the ability to isolate kinase variants, analogous to Tpk1 KH and Tpk1 R324A , that can bind stably to their cognate substrates. In this regard, it is important to point out again that the arginine residue altered in the Tpk1 R324A variant is found at an analogous position in all other protein kinases (HANKS and HUNTER 1995) . Thus, it will be important to test whether this invariant residue might play a role in regulating substrate interactions in other protein kinases, and if alteration of this site might result in a similar increase in substrate binding. Alternatively, it might be necessary to alter distinct residues in other kinases to obtain an enzyme that binds stably to substrates. The important point is that the work presented here with PKA demonstrates the feasibility of this type of an approach and can serve as a framework for future studies with other protein kinases.
It is interesting also to speculate on the possibility that the substrate binding observed here could serve as a platform for the identification of a new class of protein kinase inhibitors.
Most of the protein kinase inhibitors in use today target the conserved active site of these enzymes and act as competitive inhibitors of ATP (COHEN 2002) . However, because of the highly conserved nature of the ATP-binding pocket, it can be difficult to obtain inhibitors of this type that have the specificity needed for clinical applications. In contrast, molecules that disrupt the substrate binding observed here would be interfering with the ability of the protein kinase to interact with its protein substrates. Since different families of protein kinases interact with substrates in quite distinct ways (HARDIE and HANKS 1995) , these latter types of inhibitors might exhibit a higher degree of specificity. In fact, this approach could potentially identify inhibitors that are substrate-specific; i.e., inhibitors that affect the phosphorylation of only one, or a subset, of the targets of a given protein kinase. The availability of such selective inhibitors would be invaluable in our attempts to understand which substrates are responsible for the particular actions of a protein kinase and could ultimately allow for a more precise treatment of the consequences of protein kinase malfunction associated with human disease.
In summary, this report describes how novel substrate-binding variants of protein kinases may be used to identify physiologically-relevant targets of these enzymes. Although we presently do not know the mechanistic basis for the increased affinity towards PKA substrates observed here, previous studies with the Tpk1 KH and Tpk1 R324A variants suggested that these enzymes were specifically defective for catalytic activity (GIBBS and ZOLLER 1991b) . The alterations examined resulted in a significant defect in k cat relative to wild-type but had no effect on the observed K m for either ATP or a peptide substrate. One possibility suggested by these data is that these altered enzymes might bind normally to substrates but a specific defect prevents effective release of these targets. However, it is important to remember that K m values are not simply equivalent to dissociation constants and cannot be regarded as accurate gauges of enzyme/substrate affinity. Indeed, there are other possible explanations for the apparent increased substrate binding observed here. It may be especially important to emphasize that our studies were performed with protein substrates, whereas previous work utilized model peptides exclusively. Thus, it is possible that not yet identified aspects of the enzyme interaction with larger protein substrates, not reflected in the smaller peptides, might influence turnover. Were this the case, the kinetic parameters described previously for these Tpk1 variants might not apply. Further experimentation will therefore be necessary to determine the precise mechanisms underlying the increased substrate binding observed here. 
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